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Summary
This paper presents an engineering evaluation of the 
environmental parameters that affect man's comfort 
during shirtsleeve operation under conditions of weight­ 
lessness. To obtain a minimum weight system, the 
penalty for providing convective, radiative, and evapo­ 
rative cooling was established. Mathematical expres­ 
sions were developed to relate how the total metabolic 
heat generated by a crew member is divided among 
radiation, convection, and evaporation. These expres­ 
sions included the vehicle design parameters — air tem­ 
perature, relative humidity, air velocity, and mean 
radiant temperature (MRT), and the crew-oriented 
parameters of clothing thermal resistance and effective 
wetted surface area. A basic premise was that the 
system be designed so that the crew member T s effective 
wetted skin is 10 percent of the total area, and the crew 
member is comfortable under these conditions. For 
fixed values of the MRT and clothing thermal resist­ 
ance, the velocity required to provide sufficient convec­ 
tion and evaporation was found as a function of compart­ 
ment air temperature. The equipment required to de- 
humidify the compartment and provide air circulation 
is affected by the relative amounts of heat lost by con­ 
vection, radiation, and evaporation. Equipment weight 
and power penalties were established for each mode of 
heat transfer for fixed values of MRT and clothing 
thermal resistance and as a function of compartment 
air temperature. The total vehicle penalty was then 
obtained.
Before the system design point could be chosen, 
an examination of the system off-design performance 
was necessary. This was done by examining how much 
the effective wetted area increases as the metabolic 
load increases. The design metabolic loads examined 
were for maintenance activities and for exercising.
The sensitivity of the optimum design values to 
changes in crew clothing were investigated by estab­ 
lishing how they would change if the crew were to wear 
a minimum-thermal-resistance garment. Decreasing 
the clothing thermal resistance allows the use of lower 
design air velocities and higher MRT and results in 
lower vehicle weight penalties. Savings were obtained 
at the expense of flexibility in operating at off-design 
conditions.
This study demonstrates that one can find an opti­ 
mum combination of design parameters of air velocity, 
air temperature, clothing thermal resistance; and 
MRT for a wide range of crew activities. Additional 
work is required to verify the predicted heat and mass 
transfer coefficients in space vehicles.
Introduction
The first vehicles that took man into space did 
not provide a shirtsleeve environment for crew com­ 
fort. The primary method of cooling was through use 
of ventilated pressure suits, with a shirtsleeve envi­ 
ronment furnished as a backup and as an experiment 
on the recent Gemini flight. As we move into the area 
of prolonged flight duration, a shirtsleeve environment 
becomes more desirable. The crew comfort system 
becomes more complex and more closely associated 
with items such as power system, wall heat leak, type 
of clothing, humidity control, mean radiant tempera­ 
ture (MRT), air temperature, and air circulation.
Comfort conditions for sea-level operation have 
been well defined through considerable testing and 
experience. Factors generally considered for deter­ 
mination of sea level comfort are:
1. Air temperature equal to MRT.
2. Considerable convective cooling provided by 
natural convection.
3. Natural convection largely independent of body 
orientation.
4. Atmosphere composition of 21% oxygen and 
nitrogen at 14. 7 psia.
5. Clothing easily adjustable.
These factors, however, are not necessarily ap­ 
plicable to zero-g comfort. A factor of utmost im­ 
portance to maximum comfort during zero-g, but of 
less concern to sea level comfort, is system weight. 
The weight of equipment, and the weight associated 
with the power system for providing air circulation 
and humidity control, is of major concern on manned 
spacecraft.
Techniques to optimize crew comfort considera­ 
tions for environmental control systems that must 
operate in zero g are needed. This paper presents an 
analytical procedure to optimize the environmental 
parameters to obtain the least vehicle weight penalty 
while providing a high degree of crew comfort.
Optimization Technique
The parameters of MRT, air temperature, rela­ 
tive humidity, clothing thermal resistance, and air 
circulation may be combined in various ways to pro-
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duce a comfortable crew environment. Because of the 
penalties associated with power-using components and 
cooling-equipment weights, the optimum combination 
of parameters for a zero-g shirtsleeve environment 
may differ from the combination of parameters con­ 
sidered standard for sea level, 1-g comfort.
The procedure followed to optimize the crew com­ 
fort system for a zero-g shirtsleeve environment was:
1. Define the requirements that act as constraints 
or guides for the study.
2. Construct a mathematical model to represent 
the heat transfer from crew members by radiation, 
convection, and evaporation (skin and lungs).
3. Using the mathematical model, solve for the 
velocity required to provide sufficient convection and 
evaporation to satisfy the heat balance at an average 
metabolic rate.
4. Establish air-flow requirements of the humid­ 
ity control system as a function of air temperature 
and MRT.
5. Calculate the weight associated with the pow­ 
er required for humidity control system air flow to 
remove the evaporated water.
6. Determine the weight associated with power 
required for air circulation to determine the convec- 
tive heat rejection rates (combination of Steps 5 and 6 
provides optimum design points for average metabolic 
rates).
7. Examine the design points for off-design met­ 
abolic rates.
System Requirements 
"Study constraints were defined as follows:
1. A balance is required between heat production 
and heat rejection at a normal body temperature (de­ 
fined as a constant mean skin temperature of 91° F).
2. An average heat rejection capability is 520 
Btu per manhour with peaks of 780 Btu per hour for 
1. 5 hours to perform maintenance and 1400 Btu per 
hour for 20 minutes during exercise periods.
3. The relative humidity must be maintained 
between 40 and 60 percent.
4. Cabin atmosphere is 7 psia (O^-No).
5. Body surface area is 20 square feet.
6. Evaporative capacities between 10 and 25 per­ 
cent are comfortable; between 25 and 70 are tolerable, 
and over 70 definitely unpleasant/
7. All internal spacecraft surface temperatures 
must be maintained above the dew-point temperature.
8. Vehicle contains 1000 cubic feet of free vol­ 
ume and a fuel cell power system; crew is two men; 
mission time is 30 days.
9. Clothing thermal resistance is 0.1 and 0.5 
clo (clo is defined as a resistivity of 0. 88°F-ft2 -hr/ 
Btu).
The type of clothing to be worn in shirtsleeve en­ 
vironments has not yet been defined. Figure 1 illus­ 
trates a reasonable range of values for the clothing 
insulation. Three materials were examined: two 
cotton materials (one typical of shirting, and one 
typical of cotton undergarments) and one wool material 
similar to medium-weight dress trousers. The figure 
shows the influence the dead air space has on clothing 
thermal resistance. The least resistance occurs when 
the dead air space is zero (as would occur with a gar­ 
ment similar to tights). The plots show that a reason­ 
able minimum value to consider is about 0.1 clo or a 
thermal resistance of 0.088 °F-ft2 -hr/Btu. This 
would correspond to a tight-fitting cotton undergarment 
and a tight-fitting cotton overgarment. The curves 
suggest that 0. 5 clo is a reasonable estimate of an 
average value of the clothing thermal resistance.
Mathematical Model
Crew members will lose heat by radiation, con­ 
vection, and evaporation from both their skin and 
lungs. There are different fixed weight and power 
penalties associated with each of these modes of heat 
transfer. As an initial step in the optimization of 
crew comfort system, a heat-transfer model was 
prepared. The heat balance is shown schematically 
in Figure 2. The model was used to calculate the heat 
transfer by each mode for a range of value of MRT, 
air velocity, air temperature, effective wetted sur­ 
face area of man, and two values of clothing thermal 
resistance.
The total heat transferred per unit body area can 
be expressed by:
+ q + qp + Q!
C " L
storage = 0)
where:
q = radiative heat transfer to the surroundings; 
q = convective heat transfer;
q = evaporative loss from the skin; e
q = heat removed by the lungs.
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Radiative heat transfer can be expressed by:
qr = Btu/hr-ft2
where:
£ =0.95= body or clothing surface emissivity; 
f = 0. 75 = radiation area factor;
a = 0. 1713 x 10~8Btu/hr-ft2 - °R4 = Stefan- 
Boltzmann constant;
T . = average clothing surface temperature ( R);
MRT= mean radiant temperature (°R).
Clothing surface temperature can be expressed by:
T = T - R _ H cl s cl
where:
T = mean skin thermal temperature ( F); s
R = clothing thermal resistance (°F-ft2 -hr/Btu)
H = total sensible heat exchange at T (Btu/ 
ft2 -hr). s
The combined value of air and clothing insulation 
may be expressed by:
R
RT =
1 1
R Rr c
s R
where:
R = convective = -- °F- ft-hr/Btu; 
c ... h resistance c
R = radiative = -- °F - ft-hr/Btu; r . ^ h resistance r
T = air temperature (°F). a
Convective heat transfer per unit body area can be 
expressed by:
2
VJ — 11 JL ,c c cl 
where:
- T Btu/hr~ ft
The convective heat transfer coefficient can be 
expressed by:
. 5 (2)
h = 0.0197V" ( P—^c- ) Btu/hr-ft -°F 
c \ p std /
where:
V = air velocity (ft/hr);
P act = air density at actual conditions (Ib/ft );
P std = air density at standard conditions 
(Ib/ft3 ).
Skin evaporative heat loss can be expressed by:
q = f h (P -P ) he Btu/hr-ft2 e s m H O,s HO, a i
/j L* &
where:
f = fraction of wetted area (percent):S 2 
h = mass-transfer coefficient (lb H0O/ft -hr- m TT . ^ mm Hg);
pH O,s = vapor pressure of water on skin (mm Hg);
HO, a = vapor pressure of water in air (mm Hg);LJ
h = heat of vaporization of water at skin tem- 
g perature (Btu/lb HO).
£j
The mass transfer coefficient can be expressed by:
-4 5(3) 
h = 1-05(10) G- lb R /hr _ft2.
m
where:
G = p V = superficial mass flow rate (lb/ act ft2 -hr).
P = pressure at actual conditions 
P = pressure at one atmosphere
Evaporative lung losses or respiratory water loss 
denotes water transferred from the body during res­ 
piration. Recent work by AiReasearch Manufacturing 
Company^ provided respiratory water loss data for 
subjects at various pressures, work rates, humidities, 
and drybulb temperatures. Evaporative lung losses 
are small — 35 Btu per hour at the average metabolic 
rate of 520 Btu per hour — and are roughly double 
with doubled metabolic rate.
h = convective heat transfer coefficient (Btu/ 
C hr-ft2-°F).
Note: Theory predicts that the mass-transfer coeffi­ 
cient is inversely proportional to the compart-
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ment pressure. However, the experimental 
work of Reference 3c shows that the mass- 
transfer coefficient is inversely proportional 
to the 0.335 power of the pressure. The ex­ 
perimental data of References 3a and 3b, which 
were for clothed subjects at one atmosphere, 
was corrected for pressure by the term
k .335 
act-
std
Equipment Sizing
Using the mathematical model, the heat-transfer 
potential by radiation, convection, and evaporation 
are determined. The analytical approach was to 
select an air temperature, effective wetted surface 
area, and MRT and solve for the velocity required 
to provide sufficient convection and evaporation to 
satisfy the heat balance. The resulting air velocities 
are shown in Figure 3 as a function of air temperature 
and MRT for a fixed metabolic rate, and effective 
wetted surface area, and a fixed clothing thermal 
resistance.
The water evaporated from the man must be 
removed by the humidity-control system. Figure 4 
plots the air-flow requirements of the humidity- 
control system as a function of air temperature and 
MRT. The large increase in air-flow requirements 
with decreasing air temperature is because the spec­ 
ific humidity of the cabin air approaches the specific 
humidity of the air leaving the condenser. For this 
study, a condensing temperature of 45° F was assum­ 
ed. Flow requirements decrease with a decrease in 
MRT due to an increase in heat rejection by radiation 
and a decrease by evaporation to maintain a thermal 
balance.
Figure 5 shows the power required to provide the 
necessary air flow through the humidity-control sys­ 
tem to remove the evaporated water, and the power 
required to provide the air circulation to achieve the 
necessary convective heat-rejection rates. Blower 
power requirements for humidity control are based 
on air-flow requirements and are assumed to oper­ 
ate at an overall efficiency of 30 percent at a pressure 
rise of 8 inches of water. In a typical environmental- 
control system, the air-circulation requirements for 
humidity control sizes the complete air-revitalization 
package. Cabin air flows through a debris trap, 
activated charcoal canister, condenser, water sepa­ 
rator, CC>2 removal components, catalytic burner, 
and a reheat heat exchanger. In addition, this ar­ 
rangement allows operation during either shirtsleeve 
or pressure suit conditions. An alternate approach 
of isolating the humidity-control system and thereby 
reducing the blower-pressure rise requirements was 
not investigated. This approach would require two 
humidity-control systems: one for shirtsleeve oper­ 
ation, and the other for suited operation.
The air-circulation system consists of two fans 
and a single fan/heat exchanger combination. One fan 
is directed over each crew member at his duty station 
to provide the air velocity required for cooling. The 
air flow rates are determined for a given air velocity 
and a flow area of 2.2 square feet per man. The fans 
are assumed to provide 5 cubic feet per minute of air 
flow for each watt of power consumed, a value typical 
of the fans considered for this application.
The cabin ventilation fan/he at exchanger unit 
provides overall air circulation in the cabin and main­ 
tains the air temperature at the desired level. The 
heat exchanger removes the heat transferred by con­ 
vection to the air from the crew members and the heat 
dissipated by the two fans. The air flow rate through 
the fan/heat exchanger unit is determined by allowing 
a temperature drop of 10°F across the unit.
A single-fan circulation system was also consider­ 
ed as a substitute for the three-fan system. Prelim­ 
inary scale model tests (using water) at Boeing have 
shown that circulating flow pattern can be obtained 
by employing a centrally located ceiling inlet with a 
single outlet located on the opposite face near the out­ 
er wall. The air from the inlet flows along the ceiling 
at a relatively high velocity, entraining flow from the 
center of the cabin. The resulting circulation pattern 
is maintained and is not destroyed by the outflow 
when the outlet is located near the outer wall on the 
wall opposite the inlet.
The combined power penalty is shown in Figure 6 
as a function of air temperature and MRT. In addi­ 
tion, the power weight penalty (1.2 pounds per watt) 
in the case of a fuel-cell power system for a 30-day 
mission is presented. As noted, an air temperature 
of 70°F to 75° F results in the lowest power penalty 
for range of MRT and clothing thermal resistance 
considered. Equipment such as heat exchangers, 
ducts, water separators, fans, and motors will in­ 
crease in size with an increase in flow rate. How­ 
ever, near the optimum point, the variation in air­ 
flow rate with MRT is small and the associated vari­ 
ation in equipment weight may safely be neglected. 
Before selecting a final temperature, an appropriate 
MRT must be determined.
MRT Control
The power weight penalty decreases with decreas­ 
ing MRT. However, selection of an MRT must con­ 
sider, in addition to weight implications, the effect 
of higher metabolic rates, control concept, and con­ 
densation. Figure 7 shows the allowable range of 
temperatures to prevent condensation on the vehicle 
walls and equipment. A minimum MRT control of 
10° F above the maximum dew-point temperature was 
selected. This temperature difference allows a 2°F 
control tolerance, 3°F for scatter below the MRT, 
and 5°F safety margin. For example, as indicated
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in Figure 7, the minimum MRT control for 75°F air 
temperature and 60 percent relative humidity would 
be 70°F. Lower air temperatures will allow lower 
MRT T s.
A knowledge of the compartment MRT is, there­ 
fore, essential to sizing the crew comfort system. 
In industrial or residential air-conditioning work, it 
is customary to assume that the MRT and the air 
temperature are equal. The presence of natural con­ 
vection coefficients ensures that this assumption will 
not be substantially in error.
The absence of natural convection in a space 
vehicle poses an entirely different question. In gen­ 
eral, the forced convection coefficients on the elec­ 
tronic equipment cabinets, walls, and storage cabi­ 
nets are small and the temperature within the space­ 
craft is largely determined by the radiation exchange. 
The temperature distribution in a typical two-man 
space station was calculated. The results showed 
that some local temperatures were below the conden­ 
sation temperature during significant portions of the 
orbit.
The study ground rules forbid any temperature 
below the dew point to prevent the presence of free 
water in the compartment. Free water in the com­ 
partment of an operational vehicle causes such prob­ 
lems as bacteria growth, corrosion, and shorting of 
electrical and electronic components.
A trade study was conducted to determine the 
best method of preventing local temperatures from 
falling below the dew-point temperature. The study 
results showed that the least vehicle penalty resulted 
when the cold spots were heated by radiation from 
storage and electronic equipment cabinets. The heat 
was supplied to the cabinets by tubing containing the 
heat-transport fluid.The weight penalties for heating in 
this manner are small. Almost all of the penalty is 
in the weight of the tubing and the fluid contained in 
the tubes. Water was used as the heat-transpc. ; 
fluid in the occupied compartments and the pressure 
drop in the panels is negligible.
If the same technique of controlling the cold loca­ 
tion temperature was extended to controlling the tem­ 
peratures on the warm faces of electronic equipment 
cabinets, the compartment MRT would be subject to 
control. The weight penalty for controlling the MRT 
of the whole compartment was calculated and found to 
be approximately 20 pounds, the bulk of which is requir­ 
ed to prevent'some surfaces from falling below the 
dew-point temperature.
The pressure drop in the MRT control loop is 
small and the loop is integrated with the cabin heat- 
transport loop. Therefore, the weight penalty for MRT 
control is constant and does not influence the optimum 
design point.
Design Point Selection (0. 50 Clo)
For the highest thermal resistance considered 
(0. 50 Clo), a minimum system weight results when 
the air temperature is 73° F and the MRT is 70°F as 
shown in Figure 6. Examination of the system at off- 
design condition is shown in Figure 8. As noted, dur­ 
ing maintenance activities (780 Btu per hour), approx­ 
imately 32 percent of the body is covered with perspir­ 
ation. Evaporation capacities between 25 and 70 percent 
are considered tolerable. While exercising (1400 Btu 
per hour), approximately 90 percent of the body will 
perspire (heat storage = 0). Although 90 percent is 
above the tolerable range, the exercise period is ex­ 
pected to be of short duration. Air Force physiolo­ 
gists at Wright-Patterson AFB have concurred that it 
is permissible for men to sweat for short periods 
every day.
The system was not examined at lower than aver­ 
age metabolic rates (for example, during sleeping) be­ 
cause the vehicle studied had a separate sleeping com­ 
partment. In addition, the crew has the option of rais­ 
ing the temperature or donning additional clothing.
The foregoing shows that the crew comfort system 
optimized for average metabolic rates can provide 
comfort during a wide range of activities. Therefore, 
the system may be designed at the optimum weight 
point.
Design Point Selection (0.10 Clo)
For the lowest clothing thermal resistance con­ 
sidered (0.10 Clo), a minimum system weight results 
when the air temperature is 75° F and the MRT is 70° F 
as shown in Figure 6. However, before an MRT can be 
chosen, the system must be examined at off-design 
conditions. System A in Figure 9 shows how the com­ 
fort parameter (fraction of wetted skin) varies with 
metabolic heat production.
As noted, during maintenance activities, approxi­ 
mately 62 percent of the body is covered with perspir­ 
ation. While exercising, the body is required to store 
heat. Lowering the air temperature 5°F will allow 
maintenance activities to be performed with 40 percent 
of the body covered with perspiration but the body is 
still required to store heat during exercise. This con­ 
dition is not acceptable.
Examination of off-design conditions at a new de­ 
sign point is shown as system B, also on Figure 9. 
System B design point is 75°F air and 75°F MRT. As 
noted, during maintenance activities approximately 45 
percent of the body is covered with perspiration. While 
exercising the body is required to store heat. Lower­ 
ing the air temperature and MRT to 70°F will allow 
maintenance activities to be performed with approxi­ 
mately 20 percent of the body covered with perspir­ 
ation. During exercise, approximately 100 percent of
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the body is covered with perspiration, but the body is 
not required to store heat. As in the case of 0.50 Clo, 
sweating should be permissible during exercise.
The foregoing demonstrates that a crew comfort 
system optimized for average metabolic rates must 
be examined at off-design conditions.
The effect of lowering the MRT during increased 
activity but maintaining a constant air temperature is 
shown in Figure 10. Lowering the MRT from 75° F to 
70°F increases the radiative losses from 220 to 295 
Btu per hour, thereby allowing the crew to work at an 
increased rate without increased evaporative losses. 
Beginning at a work activity corresponding to a heat 
production of approximately 605 Btu per hour, the 
evaporative losses increase to maintain a heat balance. 
At 605 Btu per hour, the man's body is effectively 10 
percent wet. Further increase in activity results in 
increased wetness and eventually heavy sweating will 
occur.
If the 70°F MRT design (System A) were select­ 
ed, obviously no lower MRT temperature capability 
would be allowed to avoid condensation as shown in 
Figure 6. In this instance, control of higher meta­ 
bolic rates would require a variable air velocity. This 
design approach requires a multiple-speed blower or 
multiple blowers with the associated problems of hard­ 
ware availability, development cost, reliability, and 
system complexity.
Reference to Figure 3 shows that, under design 
conditions, the 70°F MRT system will require approx­ 
imately 25 fpm air velocity and the 75° F MRT system 
(System B) requires approximately 47 fpm air velocity. 
A review of Figure 6 shows a 50-pound weight penalty 
for the 75° F MRT design as compared to the 70°F 
MRT design, The A penalty is largely the power pen­ 
alty associated with the higher air velocity.
The factors influencing the selection of MRT are 
summarized below for the case of the lowest clothing 
resistance.
ditions, the air velocity will be maintained at 47 fpm; 
however, the air temperature and MRT will be lower­ 
ed to 70°F.
0.10 Clo - 0. 50 Clo Summary
The two cases of clothing thermal resistance 
considered are summarized below.
Nominal Metabolic Rate
Air velocity 
Air temperature 
MRT
f (design value)s
Air flow for humidity 
control
A power weight 
Peak Metabolic Rate
Air velocity 
Air temperature 
MRT
0.10 Clo 0.50 Clo
47 fpm
75° F
75°F
10%
0.25 lb/
min-man
0 pounds
82 fpm
73°F
70°F
10%
0.45 lb/
min-man
75 pounds
0.10 Clo
47 fpm 
70°F 
70°F 
100%
0.50 Clo
82 fpm
73°F
70°F
A review of the above data indicates that the 
lowest clothing thermal resistance system allowed 
use of lower air velocity across man and less air 
flow through the humidity-control system. Approx­ 
imately 75 pounds of weight is saved in the power 
system by this approach. An additional weight sav­ 
ing is obtained because the lower circulation rates 
will require smaller system components such as heat 
exchangers, water separators, and fans. The pri­ 
mary advantage of the highest clothing thermal 
resistance is system flexibility. This system can 
operate at higher metabolic rates without changing 
either MRT or air temperature.
System A
1. A Weight
2. f at 780 Btu (maximum 
sustained level)
3. Control concept for peak 
metabolic rates
0 pounds
air temperature and 
additional equipment
System B 
= 75 ° F ' TMRT =75 ° F
50 pounds
20%
air temperature and 
MRT
4. Air velocity 25 fpm 47 fpm
System B was therefore chosen to allow opera­ 
tion at off-design conditions. During off-design con-
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Conclusions
The following conclusions were reached as a 
result of this study:
1. The environmental parameters of air veloc­ 
ity, air temperature, clothing thermal resistance, 
and MRT can be optimized to obtain the least vehicle 
weight penalty for providing crew comfort during a 
wide range of activities.
2. The lowest vehicle weight penalty is obtained 
when the crew wears clothing with the lowest thermal 
resistance.
3. MRT control reduces vehicle weight penalty.
4. MRT control is required for low-air-velocity 
systems.
5. Refinements in heat and mass-transfer coef­ 
ficients will improve the value of the optimization 
technique.
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FIGURE 6: COMBINED HUMIDITY & AIR CIRCULATION POWER REQUIREMENTS
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FIGURE 8: 0.50 CLO OFF DESIGN CONDITIONS
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FIGURE 10: 0.10 CLO HEAT REJECTION DISTRIBUTION
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